This paper employs the torsional split-Hopkinson bar to investigate the dynamic shear deformation behavior and fracture characteristics of a 304L stainless steel Gas Tungsten Arc Welded (GTAW) joint at room temperature under strain rates in the range of 8 Â 10 2 s À1 to 2:8 Â 10 3 s À1 . The experimental results indicate that the strain rate has a significant influence on the mechanical properties and fracture response of the tested GTAW joints. It is found that the flow stress, total shear strain to failure, work hardening exponent and strain rate sensitivity all increase with increasing strain rate, but that the activation volume decreases. The observed dynamic shear deformation behavior is modeled using the Kobayashi-Dodd constitutive law, and it is shown that the predicted results are in good agreement with the experimental data. Observation of the fractured specimens indicates that the fracture features are closely related to the preceding flow behavior. At all values of strain rate, it is noted that the specimens all fracture within their fusion zones, and that the primary failure mechanism is one of extensive localized shearing. The fracture surfaces are characterized by the presence of many dimples, which suggests a ductile fracture mode. It is shown the strain rate has a significant influence upon the appearance of the dimpled surface. A higher strain rate tends to reduce the size of the dimples and to increase their density. Finally, it is determined that the presence of weld inclusions also influences the appearance of the fracture. These inclusions cause the initiation of micro-voids, which grow and coalesce within the fusion zone, and eventually form a continuous fracture surface.
Introduction
Austenitic stainless steels possess many favorable mechanical properties, including high strength, good ductility, excellent corrosion resistance and a reasonable weldability. Consequently, these metals have found widespread application under both low and high loading rate conditions in a diverse range of fields. [1] [2] [3] Austenitic stainless steels are commonly used in the fabrication of piping systems, automotive exhaust gas systems and in a variety of equipment associated with the chemical and nuclear power industries. Generally, the fabrication process involves the joining of stainless steel components by means of a suitable fusion welding process such as Gas Tungsten Arc Welding (GTAW). However, the thermal effects associated with the welding process generally cause a structure to fail at its welded joints, and consequently, a number of researchers have investigated the relative influences of the welding structure, the welding parameters, the nitrogen content, the number of welding passes and the solidification morphology on the mechanical properties of welded austenitic stainless steel joints. [4] [5] [6] [7] [8] Previous studies have also investigated the tensile strength, impact properties and neutron irradiation resistance of austenitic steel weldments. [9] [10] [11] [12] The scope of these studies has generally been restricted to low strain rate conditions. However, in practice, austentic stainless steel weldments tend to be applied within complex dynamic loading environments, and hence, their responses are significantly different to those observed when they are subjected to low strain rates. Consequently, if the performance of structures containing welded stainless steel components is to be improved under realistic loading conditions, it is essential to develop a thorough understanding of the dynamic deformation and fracture behavior of 304L stainless steel (SS) weldments under high strain rate conditions.
Although it is well-known that the flow phenomena, work hardening characteristics and ductility of 304L SS are all affected by the degree of pre-strain and by the strain rate, [13] [14] [15] the precise influence of high strain rates on the flow and fracture characteristics of 304L SS weldments is still unclear. It is known that the conditions within most metallic materials gradually change from isothermal to fully adiabatic as the strain rate is increased from quasi-static loading conditions to dynamic loading conditions. 16) Provided that the adiabatic heating effect is not too pronounced, this inhibits the thermally-activated deformation processes and results in an increase in the flow stress.
17) The rapid increase in flow stress associated with strain rates in excess of 10 3 s
À1
has been interpreted either in terms of strain rate specific control mechanisms, 18, 19) or as a change in the way that the structure evolves with increasing strain and strain rate. 20, 21) Although a higher strain rate increases the flow stress, under very high strain rate/short loading time conditions, only a small fraction of the plastic work done is actually stored; the remainder is converted into heat, and hence, results in adiabatic conditions, which create a work softening effect. When the rate of work softening exceeds that of work hardening, extreme localization of the deformation may occur. This prompts the formation of an adiabatic shear band, [22] [23] [24] which limits the performance of the welded structure. Since 304L SS weldments are frequently subjected to dynamic loading conditions in their service environments, it is essential to evaluate their mechanical properties and fracture behaviors under realistic high strain rate loading conditions. A review of the available literature demonstrates a lack of data relating to the effects of strain rate upon the mechanical properties and fracture characteristics of these weldments, especially under dynamic shear loading conditions. Consequently, the present study aims to investigate the influence of strain rate on the dynamic shear properties and fracture behavior of 304L SS weldments. Specifically, the study examines the correlation between the high strain rate shear stress-strain response and the fracture characteristics, and discusses this relationship in terms of the loading conditions.
Experimental Procedure
The base metal used in the present study was 304L stainless steel purchased from Eastern Steel Corp. (Spring House, PA) in plate form. Upon delivery, the plates were annealed at 1050 C for 1 hour and then allowed to cool in air in order to remove any residual stress and to ensure a uniform microstructure. Welding of the test plates was performed using a TGS-308L filler metal of diameter 3.2 mm. This metal was supplied in the form of a spooled wire, and conformed to AWS A5.9-93 ER 308L. Note that the chemical compositions of the base material and the filler metal are provided in Table 1 for reference purposes. Test plates measuring l150 mm Â w75 mm Â t12 mm were machined from the annealed 304L stainless steel plates and were then butt-welded using the manual Gas Tungsten Arc Welding (GTAW) process with a total of 14 welding passes. During the welding process, high purity argon gas was used for shielding and backing purposes in order to improve the quality of the weldments. The corresponding welding parameter details are given in Table 2 .
Each weldment consisted of two test plates arranged such that they were welded together with a 3.2 mm root opening gap and a 1 mm root face. Prior to welding, the opposing edges of the two test plates were beveled such that they formed a single V-shaped groove with a 75 inclined angle. Following the welding process, a two-flange, thin-wall tubular specimen was machined from the welded joint, as shown in Fig. 1(a) . It is noted that the location from which the specimen was extracted was carefully selected such that it comprised material from the fusion zone, the heat affected zone and the base material. The nominal dimensions of the each specimen were as follows: a 3 mm inside diameter, a wall thickness of 0.35 mm and a gage length of 2.4 mm.
A torsional split-Hopkinson bar was used to perform dynamic shear tests on the specimens at room temperature under strain rates in the range of 8 Â 10 2 s À1 to 2:8 Â 10 3 s À1 . A schematic diagram of this apparatus is given in Fig. 2 . The system consists of two Ti-6Al-4V alloy bars of diameter 12.7 mm and length 1000 mm, a clamping system, a gearbox loading mechanism and strain gages mounted on the incident and transmitter bars at positions equidistant from the specimen slot. Before testing commenced, the specimen was located in the specimen slot and attached firmly to the ends of each torsion bar using a high-strength epoxy cement. The clamping system shown in Fig. 2 clamps the loading section of the bar such that the torque applied to the gearbox can be stored. Subsequently, when the prescribed magnitude of torque has been attained, the bolt of the clamping system is broken, and the torque is instantaneously released. This generates a loading pulse, which propagates along the incident bar towards the specimen. When the loading pulse reaches the specimen, part of this pulse is reflected back along the incident bar, while the remainder is transmitted through the specimen into the transmitter bar. By measuring the magnitudes of the incident, reflected and transmitted pulses using the strain gages mounted on the incident and transmitter bars, and then applying standard one-dimensional elastic wave propagation theory, it can be shown that the corresponding strain rate, strain and shear stress of the specimen are given by the following equations, respectively:
where r is the radius, L is the gage length, J is the polar moment of area, C is the shear wave velocity, G is the shear modulus, and subscripts b and s indicate the bar and the specimen, respectively. The term r s refers to the radius of the centerline of the thin walled tube, and hence, the terms s and s refer to the values of shear stress and stain at the centerline. Finally, the reflected and transmitted strain pulses are denoted by r and t , respectively.
After mechanical shear deformation, the fractured specimens were prepared for metallographic observations. For the optical microscopy observations, the specimens were first mounted in Metaserve DAP molding powder and then ground with 400, 800, and 1200 series grit paper. Subsequently, the specimens were polished using a micro-cloth with a slurry of 0.3 mm alumina and then etched in a solution of 33% HCL, 33% HNO 3 and 34% H 2 O for 1 minute. Finally, the specimens were observed with an MeF3 optical microscope. The fracture surface of each specimen was prepared according to standard metallographic procedures for SEM observation, and observation of the topographic features was then performed using a JEOL JX A-840 Scanning Electron Microscope operated at 15 kV.
Results and Discussion

Microstructure of base metal and fusion zone
From the optical micrograph of the base metal region of the weldment presented in Fig. 3(a) , it can be seen that 304L SS has a mean grain size of 60 mm in an annealed condition. It can be seen that this alloy possesses a uniform grain distribution containing two micro-constituents, namely, ferrite (dark) and austenite (light). Using a ferritescope, it is determined that the volume of -ferrite in 304L stainless steel is 0.99%. A close inspection of Fig. 3(a) reveals the presence of annealing twins within the larger recrystallized grains, which suggests that the microstructure has an FCC matrix arrangement with a low stacking fault energy. Figure  3(b) shows the microstructure of the Heat Affected Zone (HAZ) in close vicinity to the fusion zone. The grain size in this region of the HAZ is found to be 95 mm, which exceeds that of the grains in the base metal region of the weldment. It is reasonable to conclude that the increased growth of the grains in the HAZ is the result of the heating effect provided by the welding thermal cycle. As within the base metal region, annealing twins are also evident within the grains in the HAZ. It is noted that the coarse-grained HAZ region adjacent to the fusion zone represents a favorable site for failure initiation and is responsible for a degradation in the dynamic deformation performance of the weldment. Figure  3 (c) presents an optical micrograph of the interface region between the base metal and the fusion zone. The fusion zone contains -ferrite with a volume of 9%, and is characterized by different types of dendritic structures. It is apparent that epitaxial growth of the grains in the fusion zone originates from the grains of the base metal and takes place along the direction of the maximum temperature gradient. In fact, the solidification structure of the fusion zone is affected by the solidification conditions and by the alloy composition system. In the present study, the weldment was formed by 14 separate welding passes. Since each welding pass induces a different thermal state within the weld, and involves a different cooling rate, a variation in the ferrite transformation, which is associated with different ferrite morphologies, is observed from the fusion line towards the central region of the fusion zone. Figures 3(d) -(f) present the variation in the -ferrite morphology with the distance from the fusion line. It can be seen that the -ferrite morphology changes from an acicular dendritic structure in close vicinity to the fusion line, to a lathy dendritic structure, and finally to a vermicular dendritic structure in the central region of the fusion zone. In other words, the microstructure within the fusion zone is clearly heterogeneous. Figure 4 plots the shear stress-strain response of the 304L SS weldment when deformed at strain rates between 8 Â 10 2 s À1 and 2:8 Â 10 3 s À1 . It is noted that each curve actually represents the average of the data recorded in three separate tests, where the results of each test varied by no more than 5%. It can be seen that each of the stress-strain curves has a very similar parabolic shape. Furthermore, it is observed that all of the tested weldments work harden considerably at all strains, and that the rate of work hardening increases with increasing strain rate. Additionally, it is seen that as the applied strain rate is increased, the corresponding increase in the work hardening effect causes a significant increase in the flow stress. For example, as the strain rate is increased from 8 Â 10 2 s À1 to 2:8 Â 10 3 s À1 , the flow stress increases by 326 MPa for a constant applied shear strain of 0.1. The results of Fig. 4 indicate that the weldment response is very sensitive to both the strain and the strain rate. Another interesting feature of Fig. 4 is that the total shear strain to failure of the 304L SS weldment is greatly influenced by the strain rate. Specifically, the total shear strain to failure increases as the strain rate is increased, i.e. its value increases from 0.15 at a lower strain rate of 8 Â 10 2 s À1 to 0.25 at a higher strain rate of 2:8 Â 10 3 s À1 . This suggests that the test weldment possesses a good resistance to fracture under high strain rate loading conditions. A mathematical expression for the plastic deformation region of the shear stress-strain curves can be developed to quantify the mechanical response of the tested weldment. For the strain rates considered within the present investigation, the flow stress-strain curves of Fig. 4 can be expressed by the Ludwik relationship, 25) i.e.
Flow stress-strain response
where A is the yield strength, B is the material constant and n is the work hardening coefficient.
Fitting the data of Fig. 4 into eq. (4) yields the values of A, B and n for each of the strain rates. The results are presented in Table 3 , from which it is clear that the values of the yield strength, material constant and work hardening coefficient all tend to increase with increasing strain rate. The increase in yield strength with increasing strain rate can be further clarified by plotting the yield strength as a function of the logarithmic strain rate. As shown in Fig. 5(a) , this demonstrates the presence of a linear relationship exists between the two variables, i.e. where y is given in megapascals and _ is given in reciprocal
(c) (f) seconds. Figure 5 (b) plots both the yield stress and the shear strain rate on logarithmic scales. Again, it is observed that these two variables are related by a linear relationship. It can be shown that the shear strain rate is represented by a power law of the yield stress, i.e. 
The strain rate sensitivity, m, of the yield stress is given by the slope of the straight line in Fig. 5(b) , i.e. m ¼ @ðln y Þ=@ðln _ Þ. For the 304L SS weldment considered in the present study, it is established that the strain rate sensitivity of the yield stress is equal to 0.232. This compares to a value of 0.012 for pure copper 21) and 0.0365 for tungsten alloy. 26) Therefore, it is clear that this particular weldment is extremely sensitive to the strain rate at room temperature.
Although the various shear stress-strain responses in Fig. 4 have almost identical trends, it is noted that their rates of work hardening, i.e. the slopes of the shear stress-strain curves, in the plastic deformation region are different. Figure 6 plots the work hardening rate of the 304L SS weldment against the shear strain for various values of strain rate. As observed previously in Fig. 4 , the work hardening rate increases gradually as the strain rate is increased. This phenomenon can be attributed to the rapid generation and multiplication of dislocations during the deformation process, which restricts dislocation motion, and hence induces a greater internal stress. However, the results of Fig. 6 indicate that the work hardening rate decreases rapidly with increasing strain at all tested strain rates as a result of the deformation heating effect.
Strain rate dependence and activation volume
The relationship between the shear stress and the strain rate for the 304L SS weldment is clearly shown in Fig. 7(a) rate range considered within the present study, it is observed that the tested weldment exhibits a rate sensitive behavior and that the flow stress tends to increase significantly as the strain rate is increased. The strong dependence of the shear stress on the logarithmic strain rate suggests that the deformation mechanism is a thermally activated process. In order to perform a quantitative evaluation of the increase in flow stress caused by an increased strain rate, it is first necessary to define the strain rate sensitivity parameter, i.e.
where 1 and 2 are the shear stresses measured at a given strain, , and temperature, T, at strain rates of _ 1 and _ 2 , respectively.
The strain rate sensitivity can be used to calculate the variation of the activation volume during the deformation process from the classical equation given in Ref. 27), i.e.
where ÁG is the activation energy, Ã ¼ À i ( i is the long range internal stress due to other dislocations or the back stress due to the curvature of the slip dislocation), v Ã is the activation volume, K is the Boltzmann's constant and _ is the shear strain rate.
To correlate the strain rate sensitivity and the activation volume of the 304L SS weldment with its shear deformation behavior, it is necessary to establish the relationship between the strain rate sensitivity, the activation volume, and the work hardening stress. Figure 7(b) shows the variation in the strain rate sensitivity as a function of the work hardening stress ( À y ), and indicates that the strain rate sensitivity increases linearly with increasing work hardening stress. The significant contribution to the work hardening capacity is believed to arise from the presence of a number of dislocations during deformation. Figure 7 (b) also plots the relationship between the actual value of the activation volume, v Ã , normalized with respect to b 3 (for 304L stainless steel b ¼ 0:264 nm) and the work hardening stress. It is seen that v Ã decreases rapidly with increasing work hardening stress. This implies that the thermally assisted discontinuous glide of dislocations causes a decrease in the work hardenability, which in turn, results in a tendency towards decreasing flow strength.
Constitutive equation of 304L SS weldment
The current availability of powerful computers and highly developed computer codes capable of modeling complex structural and deformation problems with a high degree of precision has led to an increasing interest in the use of constitutive equations to model the behavior of a wide range of materials. When large deformations are involved, it has been found that the accuracy of the modeling result is largely dependent upon the particular constitutive equation adopted. In order to obtain realistic data from the computer simulation, researchers have developed a large number of constitutive equations to describe the material response over a wide range of strains, strain rates and temperatures. [28] [29] [30] The present study chooses to adopt the constitutive equation proposed by Kobayashi and Dodd 31) to predict the dynamic shear deformation behavior of the 304L SS weldment, i.e.
where is the shear stress, is the strain, n is the work hardening coefficient, _ is the strain rate, m is the strain rate sensitivity index, T is the temperature and and c are constants. The term n _ m represents the power law of strain and strain rate hardening, while the remaining term (1 À cT) represents linear softening.
The coefficient and exponent of the proposed constitutive equation can be determined from the data plotted in Fig. 4 
Examination of fracture behavior
Metallographic and fractographic analysis of the weldment after shear deformation provides a valuable insight into the mechanical properties of the specimen. At all of the strain rates considered in the present study, the predominant fracture mechanism of the 304L SS weldment is one of extensive localized shearing. Furthermore, all of the fractures are observed to originate from within the fusion zone. The strong propensity for crack initiation and propagation in the fusion zone suggests that the fracture toughness of the fusion zone is lower than that of either the heat affected zone or the base metal. This observation is consistent with the results of a previous study, 32) which demonstrated that for an austenitic stainless steel weldment, the fracture toughness of the base metal is greater than that of the fusion zone. Figure 9 (a) shows a low magnification image of the fracture features of a specimen after failure at a strain rate of 3 s À1 . The substructures in the fusion zone are clearly twisted into band-like features, which is a clear sign of extensive localized shear failure. The fracture characteristics can be seen more clearly in Fig. 9(b) and (c) , which indicate that regardless of whether fracture occurs at a low or a high strain rate, the fracture surface is characterized by regions of elongated dimples lying along the direction of shear, and that some second-phase particles are present within this dimples. However, the strain rate appears to influence both the shape and the density of the dimples, reflecting different degrees of ductility of the specimen prior to fracture. As shown in Fig.  9(b) , the fracture surface associated with a strain rate of 8 Â 10 2 s À1 exhibits a flat and smeared dimple structure. Furthermore, the surface areas around the dimples have a cleavage appearance, which may degrade the facture resistance of the specimen. By contrast, at a high strain rate deformation of 2:8 Â 10 3 s À1 , the fracture surface shown in Fig. 9 (c) has a densely dimpled structure, which is typical of ductile fracture. Comparing the fracture surfaces presented in Figs. 9(b) and (c), it can be seen that a higher strain rate tends to reduce the size of the dimples and to increase their density. This finding seems reasonable when considering the large value of fracture resistance present in the high strain rate specimens compared to that identified in the low strain rate cases. The variation in the observed dimple features with strain rate is consistent with the results of the shear stress strain curves represented in Fig. 4 , in which it was noted that the total shear strain to failure increases as the strain rate is increased.
As shown in Fig. 9(d) , some second-phase particles, containing elements of Mn, Si and Ti, are evident within the dimpled voids. It is likely that these particles are formed from the TGS-308L filler metal during the welding process. The presence of these second-phase particles in the fusion zone leads to a localized deformation caused by the corresponding high degree of stress concentration, thereby prompting the initiation of micro-voids at the boundaries of the particles. As the load on the material increases, these micro-voids grow, coalesce, and eventually form a continuous fracture surface.
Conclusions
The high strain rate shear testing performed in this investigation has shown that the strain rate has a significant influence upon the dynamic shear properties and fracture response of 304L SS weldments. The experimental results have revealed that the flow stress, yield stress and total shear strain to failure all increase as the strain rate is increased. Furthermore, it has been noted that the rate of work hardening increases with increasing strain rate, but decreases significantly as the strain is increased. It has also been shown that the strain rate sensitivity of the weldment tends to increase as the work hardening stress is increased, but that the activation volume reduces under similar conditions. The Kobayashi-Dodd constitutive model has been applied successfully to simulate the dynamic shear stress-strain response of the 304L SS weldment, and it has been demonstrated that the simulation results are in good agreement with those obtained experimentally. Fractographic analysis of the failed specimens has revealed that the weldments all fail in a ductile manner as a result of an extensive localized shearing in the fusion zone. The surfaces of the fractured specimens all contain dimpled structures, whose size and density are dependent upon the applied strain rate. The smaller dimple size and higher dimple density associated with a higher strain rate lead to an improvement in the fracture resistance of the weldment. Finally, it has been noted that failure of the weldments initiates at the site of second-phase particles within the fusion zone. These particles prompt the initiation of micro-voids at their boundaries. These micro-voids gradually form a continuous fracture surface as the load on the weldment is increased.
